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Bupivacaine is a local anesthetic that induces rapid degeneration of skeletal muscle fibers (1, 2) . As is the case for muscular dystrophies, the pathogenesis of bupivacaine-induced muscle cell death remains unclear. Solving this problem is of interest for the understanding of degenerative muscular diseases because the sequence of fiber breakdown induced by bupivacaine is similar to that of progressive muscular dystrophy (3) . It is also striking that the same types of muscle fibers are spared by both Duchenne muscular dystrophy and bupivacaine toxicity (4, 5) .
It has been suggested that bupivacaine may disrupt Ca -activated cellular death pathways that include proteolysis (4, 6) . This suggestion is supported by the findings (i) that bupivacaine affects sarcoplasmic reticulum function in vitro (3); (ii) that extracellular Ca 2+ omission delays the morphological changes (6) and decreases the protein degradation rate (7) that are observed in isolated rat soleus muscle exposed to bupivacaine; and (iii) that bupivacaine uncouples isolated rat liver and heart mitochondria (8) (9) (10) (11) (12) and decreases mitochondrial membrane potential and oxygen consumption both in cultured fibroblasts (13, 14) and Ehrlich tumor cells (15, 16) .
Mitochondrial dysfunction results in ATP depletion (14) and in turn is expected to have a major impact on intracellular Ca 2+ homeostasis (17) .
The importance of mitochondria in the pathways to cell death is largely recognized even if the exact mechanism(s) in specific experimental paradigms may not be easy to identify (18) . A potential mechanism is represented by opening of the PTP 1 
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increase of cytosolic Ca 2+ (24) ; and release of apoptotic factors such as cytochrome c (25, 26) , apoptosis inducing factor (27) , Smac-Diablo (28) and endonuclease G (29) .
With the long term goal of defining the role of mitochondria in the pathways to muscle cell death (30) , we have investigated the effects of bupivacaine both on rat skeletal muscle mitochondria and on isolated mouse FDB, EDL, soleus and esophagus fibers. We found that bupivacaine causes depolarization, PN oxidation and PTP opening in isolated skeletal muscle mitochondria. Measurements on isolated FDB fibers indicated that bupivacaine also induced mitochondrial depolarization that was significantly delayed by CsA in situ, indicating that depolarization was due to PTP opening rather than to the uncoupling effects of bupivacaine as such. Consistent with this data, bupivacaine caused CsA-inhibitable release of cytochrome c in situ. Fibers from glycolytic, non resistant to fatigue muscles such as EDL and esophagus were instead strikingly resistant to bupivacaine toxicity, suggesting that bupivacaine toxicity selectively affects oxidative muscles. Thus, bupivacaine toxicity is a relevant model of mitochondrial dysfunction involving the PTP and Ca 2+ dysregulation, and represents a promising system to test new PTP inhibitors that may prove relevant in spontaneous myopathies where mitochondria have long been suspected to play a role, like Duchenne's muscular dystrophy (31) .
Material and Methods
Rat skeletal muscle mitochondria were prepared according to (32) with slight modifications. Albino Wistars rats weighing 250-350 g were killed by decapitation and the gastrocnemius muscles were rapidly excised and transferred into the isolation medium (150 mM sucrose, 75 mM KCl, 50 mM Tris-HCl, 1 mM KH 2 PO 4 , 5 mM MgCl 2 , 1 mM EGTA, pH 7.4). Muscles were minced with scissors and trimmed clean of visible fat and connective tissues. Muscle pieces were transferred to 30 ml of isolation medium supplemented with 0.2% 6 BSA and 0.2 mg x ml -1 Nagarse (Fluka, Buchs). After 1 minute, muscles were homogenized using a motor-driven Plexiglas/Plexiglas potter, transferred to 120 ml of isolation medium supplemented with 0.2% BSA and centrifuged at 700 x g for 10 min. The supernatant was decanted and centrifuged at 10,000 x g for 10 min. The resulting pellet was resuspended in a medium containing 250 mM sucrose, 0.1 mM EGTA-Tris, 10 mM Tris-HCl, pH 7.4 and centrifuged at 7,000 x g for 6 min. The final mitochondrial pellet was resuspended in 0.5 ml of the same medium at a final protein concentration of about 20 mg x ml -1 . All procedures were carried out at 0-4 °C.
Mitochondrial oxygen consumption was measured polarographically at 25 °C using a Clark-type electrode. Measurements of membrane potential and PN oxidation-reduction status were carried out fluorimetrically with a Perkin-Elmer 650-40 spectrofluorimeter equipped with magnetic stirring and thermostatic control. Membrane potential was measured in the presence of 0.1 µM Rh123 as described (33)(excitation-emission: 548-573 nm). The PN oxidation-reduction status was evaluated based on endogenous NAD(P)H fluorescence (excitation-emission: 345-450 nm).
Isolated muscle fibers were prepared from FDB, EDL, soleus muscle and from the upper region of the esophagus of C57BL/10ScSn mice according to (34) with slight modifications. Mice were killed by cervical dislocation and the muscles were incubated for 1h at 4°C in Tyrode solution containing 135 mM NaCl, 4 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.33 mM KH 2 PO 4 , 10 mM glucose and 10 mM Hepes (pH 7.3) supplemented with 0.3% collagenase type I and 0.2% BSA. The temperature was raised to 37°C and the incubation continued for a further one hour. The muscle mass was then removed and washed twice in Tyrode solution, and single myocytes were dispersed by passing the muscle repeatedly through a wide-pore Pasteur pipette. Myocytes suspended in Tyrode solution were plated on glass coverslips and allowed to attach for at least 1 hour prior to experiment. Myocytes were 7 then rinsed and placed in 1 ml Tyrode solution and loaded with the indicated concentrations of TMRM for 20 min at 37 °C. Myocytes were then placed on the stage of the confocal microscope, maintaining temperature at 37 °C. In some experiments, myocytes were also loaded with 2 µM Fluo-3-AM.
Imaging was performed with either a real time confocal system (Nikon, RCM 8000) on a Nikon Diaphot-300 microscope with a 40X, 1.3 NA oil immersion objective or on a Zeiss Axiovert 100TV inverted fluorescence microscope. For the Nikon setup excitation wavelength/detection filter were 488/525 ± 25 nm bandpass and 568/585 longpass for Fluo-3 and TMRM, respectively. In some experiments, Fluo-3 and TMRM fluorescence emissions were collected simultaneously by using two separate color channels on the detector assembly.
In most of the experiments sequential confocal images were acquired and stored typically at Cytochrome c release was monitored exactly as described in (35) . FDB fibers were treated with vehicle or with 1 mM bupivacaine as specified in the legend to indicates that the distribution of cytochrome c is more homogeneous than that of the bc 1 complex, i.e. that cytochrome c has diffused away from mitochondria (35) .
Fiber typing of FDB, EDL, esophagus and soleus muscles was based on electrophoretic separation of MHC isoforms, which can be used as molecular markers of fiber type (36) . Muscle samples were immersed in Laemmli solution (37) and MHC isoforms were resolved by the SDS-PAGE method as described (38) . Briefly, 8% polyacrylamide slab gels containing 30% glycerol were run for 24h at 275V in the cold room (4 o C). The gels were removed and stained with Coomassie Brilliant Blue G. Densitometry was performed using 1D Image Analysis Software (Kodak Digital Science).
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Muscle fatigability was used as an index of their dependence on glycolytic or oxidative metabolic supply (39, 40) . The muscles were mounted in a myograph and perfused with oxygenated Krebs solution (temperature 20°C). The muscles were allowed to equilibrate for 10 minutes then the frequency (F max ) at which maximum isometric tension was obtained was identified. Fatigue was induced by repetitive stimulation at F max . The muscles were stimulated to contract isometrically for 0.5 s every other second (duty cycle 25%). The ratio between the tension developed after 30 s and after 60 s of stimulation and the initial tension (time zero) was taken as a fatigue index.
Bupivacaine and collagenase were purchased from Sigma; Rh123, TMRM and Fluo-3 AM were purchased from Molecular Probes; and CsA was a gift from Novartis (Basel, Switzerland). All other chemicals were of the highest purity commercially available.
Results

Effects of bupivacaine on rat skeletal muscle mitochondria.
Bupivacaine is an uncoupler in isolated liver and heart mitochondria (8), and causes complex effects on respiration in cultured cells (13) (14) (15) (16) . The PTP is a voltage-dependent channel that can be opened by depolarization with uncouplers and respiratory inhibitors (41) . We have therefore first characterized the effects of bupivacaine on rat skeletal muscle mitochondria in the presence of CsA (in order to prevent PTP opening). The experiments of Fig. 1 document a biphasic effect of bupivacaine on the rate of oxygen consumption and on the PN oxidationreduction status. Respiration increased linearly up to a concentration of about 1.5 mM bupivacaine and it then declined as the concentration was increased further (Fig. 1, triangles) .
The reduction levels of PN were a mirror image of the respiratory changes, with increased oxidation matching uncoupling and increased reduction matching respiratory inhibition (Fig.   1, squares) . (Fig. 2, panel B) .
Although the pKa of bupivacaine in the membrane is not known, these findings suggest that We next investigated the effects of bupivacaine on the membrane potential (Fig. 3, panel A) and respiration (Fig. 3, panel B ) maintained by isolated skeletal muscle mitochondria. Mitochondria were energized with complex I substrates and loaded with a small amount of Ca 2+ in the presence of Pi, an optimal condition to reveal PTP opening by depolarization (42) . It can be seen that the addition of 1 mM bupivacaine was readily followed by a fast but partial mitochondrial depolarization, followed within a few minutes by a further depolarization (panel A, trace a). These changes were matched by a transient stimulation of respiration followed by respiratory inhibition (panel B, trace a). The nature of these complex changes was elucidated when the experiment was repeated in the presence of CsA. Under these conditions, the addition of 1 mM bupivacaine was only followed by the fast, partial depolarization (panel A, trace b), while uncoupling was not followed by respiratory inhibition (panel B, trace b). Thus, both the late depolarization and the delayed inhibition of respiration were due to PTP opening. Indeed, inhibition of respiration could be The depolarization due to the addition of bupivacaine prior to onset of PTP opening was clearly detectable in isolated mitochondria (Fig. 3A) but not in FDB fibers (Fig. 5) .
However, the TMRM fluorescence changes of mitochondria following depolarization in situ may be complex [see (45, 46) for recent reviews]. We therefore also studied the changes of the oxidation-reduction state of endogenous PN, which reflects the rate of electron flux within the respiratory chain. The experiments depicted in Fig. 7 demonstrate that the addition of bupivacaine was followed by the expected oxidation of PN in situ (squares, trace a). As was the case for depolarization, however, also PN oxidation was inhibited by CsA (circles, trace b). These results indicate that, at this concentration, bupivacaine has little direct (i.e., PTPindependent) effects on the membrane potential.
Bupivacaine releases cytochrome c from mitochondria in FDB fibers. PTP opening plays a role in several paradigms of cell death that depend on cytochrome c release, which may be followed by caspase activation. We have studied whether bupivacaine causes cytochrome c release in FDB fibers with a very sensitive in situ method that was recently developed in one of our laboratories (35) . The experiments of Prompted by this observation, we investigated whether the myotoxic effects of bupivacaine are dependent on the fiber type. Fig. 10 shows that addition of bupivacaine caused a deep oxidation of PN in the soleus fibers, an event that was readily followed by hypercontracture (panel A, trace a). Strikingly, the same concentration of bupivacaine was ineffective in fibers from the EDL (panel A, trace b) and from the esophagus (panel A, trace c). In order to explore whether this diversity could be traced to fiber composition we studied the pattern of MHC isoform expression, which can be used as a molecular marker of the fiber type (36) . 
Discussion
Multiple effects of bupivacaine on mitochondrial energy metabolism. The mechanism through which the local anesthetic bupivacaine uncouples oxidative phosphorylation has been the subject of considerable debate in Bioenergetics (8, (10) (11) (12) 48) . This is due both to the intrinsic interest of clarifying the mechanisms of uncoupling by hydrophobic amines, which are largely used as anesthetics; and to an effort to understand the basis of bupivacaine toxicity (49, 50) which is exploited to induce cell death in studies of muscle regeneration (1,2). Despite initial controversies, it appears now established that bupivacaine is a bona fide protonophore (8) although it can also form ion pairs with lipophilic anions (11, 48) . Since we discovered that bupivacaine can induce the PTP both in isolated mitochondria and intact muscle fibers, it was essential to preliminarly reinvestigate the effects of bupivacaine on mitochondrial energy metabolism under conditions where a contribution of the PTP itself could be excluded, a question that had not been addressed in previous studies on the mechanisms of uncoupling by bupivacaine. The issue is important because PTP opening can cause both uncoupling and respiratory inhibition through depletion of matrix PN (33) . Our results with isolated mitochondria demonstrate that bupivacaine is a mitochondrial uncoupler at concentrations of the free base below 0.25 mM, while higher concentrations cause respiratory inhibition, with matching changes of the oxidation-reduction status of mitochondrial PN (Figs. 1 and 2 ).
The PTP-inducing effects of bupivacaine in isolated mitochondria can be explained within the framework of pore regulation by the membrane potential (41), the oxidation-reduction state of PN (51) and the electron flux through Complex I (33). Indeed, low concentrations of bupivacaine can increase the probability of pore opening through membrane depolarization (Fig. 3A) , which would synergize with NADH oxidation and increased electron flux secondary to uncoupling (Fig. 1) . What remains more difficult to understand is why no measurable changes of TMRM and PN fluorescence can be detected upon addition of bupivacaine before onset of the permeability transition (Figs. 5-7) . One possibility is that the small depolarization induced by bupivacaine is offset by an increased flux through glycolysis (15) and/or the Krebs cycle, or that glycolytic ATP can be used to sustain the membrane potential (16) . This would mean that the major mechanism through which bupivacaine induces PTP opening in situ is through increased electron flux, which indeed is a key determinant in regulation of the PTP in skeletal muscle mitochondria (33) . In any case, our results demonstrate that PTP opening is the major underlying cause of mitochondrial depolarization induced by bupivacaine in isolated FDB fibers, and that this event is essential for the subsequent dysfunction that leads to hypercontracture and cell death.
The mechanism of bupivacaine-dependent cell death. The mechanisms of bupivacainedependent cell death downstream of mitochondria remain unclear. It is reasonable to hypothesize that depletion of ATP and the rise of cytosolic Ca 2+ concentration play a prominent role. Damage could then be amplified by increased production of superoxide anion following mitochondrial release of cytochrome c (52), and additional factors would be activation of proteases and possibly caspases. It has recently been shown that cytosols from human skeletal muscle lack the ability to activate type-II caspases despite the presence of procaspases 3 and 9, a finding that could be explained by the lack of cytosolic Apaf-1 (53).
These findings have been taken to indicate that human skeletal muscle cells should be refractory to mitochondria-mediated proapoptotic events (53). We have not directly addressed whether cytochrome c release activates caspase 9 in FDB fibers from the mouse. However, by guest on November 19, 2017 http://www.jbc.org/ Downloaded from other proapototic factors are likely to be released when the permeability transition takes place including Apoptosis Inducing Factor (27) and endonuclease G (29), which both cause nuclear degradation independent of caspase activation.
Our experiments have shown that the oxidative FDB and soleus fibers are very sensitive to bupivacaine toxicity while the glycolytic EDL and esophagus fibers are strikingly resistant. Like the EDL, esophagus fibers appear to be mostly glycolytic based on both resistance to fatigue and on the prevailing myosin types. These findings therefore suggest that oxidative fibers are the main target of bupivacaine. The mechanistic basis for this striking difference is under active investigation, but these results already have interesting implications for muscle pathophysiology.
Implications for muscle pathophysiology. The structural basis of muscular dystrophies has been traced to defects of the dystrophin-glycoprotein complex linking the extracellular matrix to the cytoskeleton (54) . In Duchenne's muscular dystrophy and in its mouse mdx model the molecular defect resides in dystrophin, while other proteins of the complex are missing or altered in other forms of muscular dystrophy (55) . Although the pathogenesis remains unclear, Ca 2+ dysregulation appears to be a key factor in disease onset and progression. This could be due to both decreased fiber resistance to mechanical stress resulting in sarcolemmal damage (56) and to increased Ca 2+ flux through mechanosensitive channels prior to sarcolemmal damage (57) . The resulting increase of cytosolic [Ca 2+ ] would cause damage by activation of proteases and/or by increased oxidative stress eventually leading to cell death (58) . Specific muscles are spared by the disease, however, and these include the extraocular muscles (59) and the esophagus (60) . In the case of extraocular muscle the adaptive mechanism appears to be at least in part linked to upregulation of the closely related utrophin, yet selected fibers are resistant to death even in mice lacking both dystrophin and utrophin (61) . Furthermore, extraocular muscles are also spared in mice carrying the targeted deletion of both the γ-and δ-sarcoglycan genes, a murine model of limb girdle muscular dystrophy where utrophin cannot provide compensation for the defect (62) . This finding led Porter and Coworkers to contend that « the disruption of dystroglycan complex organization does not inevitably produce myofiber death but suggests that there are inherent properties of extraocular muscle that permit its protection from the dystrophic process » (62).
Strikingly, both extraocular muscle (4) and esophagus fibers (Fig. 9 ) are resistant to bupivacaine toxicity as well. Mitochondrial dysfunction has long been suspected to be a key determinant in the biochemical events downstream of the genetic lesion of muscular dystrophy (31) . It is established that Ca 2+ overload is a key factor for mitochondrial damage (24) . If mitochondria prove to be the link between Ca Electrophoretic separation of MHC isoforms of EDL, esophagus, FDB and soleus muscles.
MHC isoforms are used as molecular markers of fiber type, and the position of the MHC isoforms is denoted by arrows.
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